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3. 45-4.25 (m, 15 H, H(1')/H(2')/POCH2). I3C NMR (C6DsBr): 6 26.0 (C(2')), 28.3 (C(3')), 64.7 (C(4')), 68.3 (C(l')), 78.2 (POCH2). "P NMR (CDCI,): 6 139.0.
Tris(cyclopentylmethy1) Phosphite. To a stirred and cooled (0 "C) solution of cyclopentylmethyl alcohol (40.8 g; 408 mmol) and triethylamine (41.2 g; 408 mmol) in 600 mL of anhydrous diethyl ether was added dropwise a solution of PCI, (18.7 g; 136 mmol) in 100 mL of anhydrous diethyl ether. After completion of the addition, the mixture was stirred for 0.5 h at room temperature and refluxed for 1 h. The precipitated triethylamine hydrochloride was removed by filtration. After removal of the solvent the oily residue was distilled under reduced pressure affording the desired product as a colorless liquid. Bp: 148 OC (0.01 mmHg). Yield: 62%. 'H NMR (CDCI,): 6 1.30-1.85 (m, 27 H, H(lt)/H(2')/H(3')/H(4')/X), 3.70 (t, 6 H, POCHI) . ')C NMR (C6DSBr): 6 25.7 (c(I')/c(2')), 29.5 (C(3')/X), 41.0 (c(4')), 66.0 (POCHI). ,'P NMR (CDCI,): 139.1.
Tris(2-methoxyethyl) Phosphite. This compound was prepared from 2methoxyethanol and PCI, according to the procedure described for the preparation of tris(cyclopentylmethy1) phosphite. Bp: 83 OC (0.25 mmHg). Yield: 65%. 'H NMR (C6DsCD3): 6 3.25 (s, 3 H, OCH,), 3.43 (t, 2 H, OCH2), 3.96 (dt, 2 H, POCHI) . "C NMR (C6DsCD,): 6 139.8.
3-(Phenylmethylene)-2,4-pentanedione was prepared from benzaldehyde and 2,4-pentanedione according to a literature procedure.24 Bp: 168-170 OC (13 mmHg). Yield: 73%. 'H NMR (CDCI,): 6 2.23 (s, 3 H, COCH,), 2.38 (s, 3 H, COCH,), 7.27 (m, 5 H, Ar), 7.37 (s, 1 H, 128.3-130.0 (phenyl), 132.5 (ipso), 138.9 (C=C), 144.9 (C=C), 200.4 (C=O). Anal. Calcd for CI2Hl2O2: C, 76.57; H, 6.43. Found: C, 77.05; H, 6.53. MS, m / e 188.15 (M+; calcd 188.23) .
3-(l-Methylethylidene)-2,4-pentanedione was prepared from 2chloro-2-nitropropane and 2,4-pentanedione according to a procedure described by Russell et a1.IS Bp: 60-80 OC (8 mmHg). Yield: 23%.
IgC NMR (CD,COCD,): 6 23.9 (C(CH,),), 32.3 (COCH,), 143.5 (C=C), 148.4 (C=C), 201.8 (C=O). Anal. Calcd for C8H1202: C, 68.55; H, 8.63. Found: C, 67.92; H, 8.81. MS, m / e 140.20 (M*; calcd 140.18) .
Ethyl a-Isopropylideneacetoacetate. This compound was prepared from 2-chloro-2-nitropropane and ethyl acetoacetate according to the 6 58.5 (OCH,), 61.5 (POCH2), 72.6 (OCHZ). "P NMR (C6D&D3): CH). I3C NMR (CD2CI2): 6 25.5 (COCHj), 30.9 (COCH,), 'H NMR (CDC13): 6 1.96 (s, 6 H, COCH,), 2.29 (s, 6 H, C(CH,),). (24) McEntee, M. E.; Pinder, A. R. J. Chem. SOC. 1957, 4426. (25) Russell, G. A.; Mudryk, B.; Jawdosiuk, M. Synthesis 1981, 62. procedure described for the preparation of 3 4 lmethylethylidene)-2,4pentanedione. Bp: 87-88 OC (6 mmHg). Yield: 39%. 'H NMR C(CH,)), 2.30 (s, 3 H, C(CH,)), 4.25 (9, 2 H, OCH2) . I3C NMR H2), 134.1 (C=C), 153.4 (C=C), 167.1 (C=O), 200.3 (C=O). Anal. Calcd for C9H, , 0, : C, 63.51; H, 8.29. Found: C, 64.09; H, 8.23. MS, m / e 170.15 (M' ; calcd 170.21) .
Pentacoordinated Phosphorus Compounds. In order to avoid decomposition during handling and purification of the phosphoranes, they w r e prepared in situ in the NMR tubes by adding equivalent amounts of freshly distilled phosphite and the selected pentanedione to the deuteriated solvents. The tubes were flushed with dry Argon and sealed. After leaving them at room temperature for 10-14 days, ,'P NMR indicated the reactions to be complete. 'H, I3C, and ,'P NMR spectra were then recorded and are listed in Tables I and I1 (vide supra) .
Line-Shape Analysis. The rate constant k was obtained for each temperature by simulation of the experimental spectrum. Analyzing the coupled two-site exchange patterns (with JAB = 0), using the DNMR/3 program,I0 the simulated spectra for all the different temperatures were obtained. For each study at least nine different temperatures were used. The AG' was obtained from a least-squares plot of In ( k / T ) versus 1/T, using the Eyring model. The calculated errors lie within f 0 . 5 kJmol-'. The validity of the AC' values has been tested by calculating them from the equation AG' = 1.91 X 10-ITJ9.973 + log (Tc/Au)). An excellent agreement with the values obtained from the line-shape analysis was found ( 1091-15-2; 2a, 115094-83-2; 2b, 115094-86-5; 212, 115094-84-3; 2d, 1151 17-26-5; 3a, 115094-85-4; 3b, 115094-87-6 ; 3c, 1 15 1 17-25-4; 3d, 1 15094-88-7; PCI,, 77 19-1 2-2; cyclopentylmethyl alcohol, 3637-61-4; 2-methoxyethanol, 109-86-4; 3-(phenylmethylene)-2,4-pentanedione, 4335-90-4; 34 1 -methylethylidene)-2,4-pentanedione, 261 87-41 -7; ethyl a-isopropylideneacetoacetate, 35044-52-1; 2-chloro-2-nitropropane, 594-7 1-8; ethyl acetoacetate, 141-97-9; tris(tetrahydr0furfuryl) phosphite, 5971-30-2; tris(cyclopentylmethy1) phosphite, 1 15094-89-8; tris(2-methoxyethyl) phosphite, 41 
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Abstract: An ESR study on electron-capture phosphorus centered radicals trapped in single crystals of racand meso-1,2dimethyl-l,2-diphenyldiphosphine disulfide (MePhP(S)P(S)MePh) is reported. The principal values and axes of the g and hyperfine coupling tensors of the radical anions are determined. It is shown that X irradiation of the two diastereoisomeric compounds results in completely different radical products. The racemate yields a radical product in which the extra electron is symmetrically distributed over the two phosphorus nuclei, whereas for the meso form exclusively asymmetric electronic configurations are detected.
For many years the formation and structure of free radicals, produced by ionizing radiation, has received much attention.
Numerous ESR experiments have been performed to elucidate the principles that determine the electronic structure and molecular geometry of the formed doublet species. This has resulted in a detailed understanding of the role of the nucleus a t the radical center and of the influence of the surrounding ligands. Stereochemical aspects, however, are not generally included in these analyses. In the present study we report the formation of phosphorus-centered radicals in single crystals of racemic ( R , R and 6002 J . Am. Chem. Soc., Vol. 110, No. 18. 1988 S,S) and meso (R,S) 1,2-dimethyl-1,2-diphenyldiphosphine disulfide.
The molecular conformation of diphosphine disulfides in the solid state is characterized by a trans orientation of the two sulfur nuclei:' Janssen et ai.
In a recent study on X-irradiated tetrasubstituted diphosphine disulfides (R,P(S)P(S)R2), also possessing a trans orientation, we showed that the radiation process invariably results in the formation of an electron-capture radical product in which the unpaired electron occupies an antibonding orbital between the two phosphorus nuclei, resulting in a three-electron bond.2 This structure, which has been established by both single-crystal ESR and ab initio quantum chemical methods, possesses a symmetrical distribution of the unpaired electron:
Depending on the nature of the substituents several other primary and secondary radical configurations were also identified. We will now show that the two diastereoisomeric forms of the title compound give rise to completely different radical products upon X irradiation. The radiation process of the racemate involves the formation of a symmetric species with a three-electron P-P bond as described above. The meso form, on the other hand, yields exclusively asymmetric radical configurations in which the unpaired electron is mainly localized on one of the two phosphorus nuclei. The electronic structure of these radicals as determined by an interpretation of the experimental single-crystal FSR results is presented and compared with theoretical calculations.
Experimental Section
Synthesis. 1,2-Dimethyl-1,2-diphenyldiphosphine disulfide was synthesized from dichlorophenylphosphine sulfide and methylmagnesium iodide following a procedure analogous to the one described by Maier.' The two diastereoisomeric forms were easily separated by extraction of the crude reaction product with ethanol. The meso form, unsoluble in ethanol, was collected by filtration and recrystallized twice from chloroform. Single crystals of the meso form were prepared by slow evaporation of a chloroform solution in a stream of dry nitrogen. The racemic form was recrystallized several times from ethanol. Slow evaporation of an ethanolic solution of the racemate afforded needle-shaped crystals. Larger plate-shaped single crystals, more suitable for ESR experiments, were obtained from a slow evaporation of a pentane solution. Meso: 'H NMR (CDCI,) 6 1.97 (m, 3, CHJ, 7.58 (m, 3, PhH), 8.13 (m, 2, PhH); "P NMR (CDCI') 6 36.55; MS, m/e (re1 intensity) 31 1 (93), 279 (6), 157 (100) . 125 (48); mp 202 "C. Racemate: 'H NMR (CDCI,) 6 2.46 (m, 3, CH,), 7.18-7.63 (m, 5, PhH); 3'P NMR (CDCI,) 6 37.62; MS, m/e (re1 intensity) 311 ( I I ) , 279 (1 I), 157 (IOO), 125 (42); mp 144 O C .
Single crystals of rac-and meso-1,2-dimethyl-l,2-diphenyldiphosphine disulfide were mounted on a quartz rod and subsequently sealed in a quartz tube. The crystals were X-irradiated in a glass Dewar vessel containing liquid nitrogen (77 K) with unfiltered radiation from a Cu source operating at 40 KV and 20 mA for 6 h. ESR experiments were performed with a Bruker ER2OOD spectrometer interfaced with a Bruker Aspect 3000 computer and operating with a X-band standard cavity. Microwave power was set as low as possible, being 2 mW in most experiments. The crystals were rotated perpendicular to the magnetic field with a single-axis goniometer in 10" steps. Temperature was controlled with the aid of a variable-temperature unit operating between 90 K and room temperature. ESR parameters were obtained from a second-order analysis of the spectra. J . Am. Chem. Soc.. Vol. 110, No. 18, 1988 For all orientations of the single crystal with respect to the magnetic field direction only a single spectrum of the two radicals l a and l b is observed. This absence of site splitting is in accordance with the presence of a center of symmetry in the unit cell which results in a coalignment of the S-P-P-S linkages of the R,R and S,S molecules. A complete single-crystal analysis was obtained by rotating the crystal in three mutual orthogonal planes ( Figure 2) . For that purpose one of the ESR reference axes (x) was chosen perpendicular to the plate face, the remaining two (y, z ) were directed parallel to the extinction directions in the plate face with use of a polarization microscope. A central absorption due to the irradiated quartz tube prevented the observation of the two ml = 0 transitions for all orientations of the single crystal. For this reason the hyperfine coupling and g factor of radical l a were evaluated from the mI = f l lines, and when possible checked with the m, = 0 position(s). The principal values and direction cosines of the A and g tensors of radicals l a and l b are compiled in Tables I and 11. It appears that for both species the direction of the maximum A value (A,,) is close to that of the minimum g value. This is expected because it is the direction of the phosphorus 3p orbital contributing to the singly occupied molecular orbital (SOMO).
Results and Assignment
Radical la is attributed to a three-electron-bond radical ( Figure   3 (Figure 4) , exhibits a few lowintensity transitions in the central region and strong absorptions in the lateral region. The large splitting between the two groups of signals undoubtly results from the interaction of the unpaired electron with a phosphorus nucleus. An important difference between the spectra of the meso (Figure 4 ) and the racemic form ( Figure 1) is the absence of two ml = 0 transitions in the g = 2 region for the first. From this it can unambiguously be concluded that X-irradiation of the meso form, unlike the racemic form, does not result in the formation of a three-electron-bond radical with a symmetrical electron density distribution over the two phosphorus nuclei.
In order to obtain a more detailed analysis of the ESR spectrum, a single crystal of the meso form was rotated in three mutual orthogonal planes. The ESR reference axes were chosen as follows; the z axis points perpendicular from the plate face and the x and y axes coincide with the extinction directions of the crystal in the plate face. Rotation of the crystal in the xy, xz, y z planes reveals the presence of two sites, symmetrically related to each other. The spectra of the two sites coalesce when the x, y , or z axis is parallel to the external magnetic field direction. In fact, there are four sites corresponding to the four molecules in the unit cell which reduce to two in a crystallographic plane ( x y , xz, or y z ) and to one site along a crystallographic axis (x, y , or z). Since there is a large number of signals, which are frequently overlapping, the elucidation of the angular variation of the hyperfine lines was not straightforward. For this reason the low and high field curves were determined as the best fit of a quadratic sine to the experimental magnetic field values, using a least-squares regression analysis. The resulting angular variation of the signals is presented in Figure 5 . Going from one rotation experiment to another, there is an ambiguity in the relation between the curves in the two series. This ambiguity results in four possible assignments that are just the four orientations of the same radical in the crystal.
The ESR spectra of the X-irradiated meso form and the angular variation can be interpreted by assuming the presence of at least four different phosphorus-centered radicals. For three species a clear angular variation is observed; a fourth was undoubtly present but could not be analyzed in detail. A remarkable aspect of all radical species encountered in the meso compound is the fact that all hyperfine lines show an additional doublet splitting of 1.8 to 3.0 mT, probably due to proton splitting. The hyperfine coupling and g tensors of the three species labeled 2a, 2b, and 2c are collected in Tables I11 and IV radical structure, either with an equatorial (TBP-e) or an apical (TBP-a) location of the unpaired electron."-13 TBP-e structures, identified in tetramethyl-and tetraethyldiphosphine disulfides, exhibit hyperfine coupling to two phosphorus nuclei and their magnitudes are clearly different from those of 2b.2 We therefore propose a TBP-a like species with the SOMO pointing away from the substituents ( Figure 6) .
The third species, radical 2c, exhibits hyperfine coupling to two distinct I = nuclei. The central phosphorus nucleus apparently bears a large amount of spin density since both the isotropic and anisotropic hyperfine couplings are very large, viz., Also = 23 16 MHz and B,, = 373 MHz. In fact these values are approximately two times the values of the symmetrical three-electron-bond radical la in the racemate (vide supra). Nevertheless, the possibility that the large coupling is the result of the splitting between the m, = 1 and m, = -1 lines of a phosphorus triplet can be ruled out since the expected ml = 0 transitions areabsent. The weak absorptions in the g = 2 region of the ESR spectra of the meso form (Figure  4) are not related to the strong lateral absorptions because they are found to be much more persistent upon annealing the single crystal. A second possibility, that the large splitting is the result of a radical pair, one of whose components is a phosphoranyl type radical, seems unlikely because no transitions were observed in the half-field region between 70 and 260 mT. This leads to the conclusion that radical 2c is a phosphorus centered radical, exhibiting a large hyperfine coupling to one 31P nucleus and a small one to a second. The value of Ab for the central phosphorus atom is appreciably larger than that for the other radicals encountered in X-irradiated diphosphine disulfides. We tentatively assign 2c to a radical with an asymmetric three-electron P-P bond in which the unpaired electron is mainly localized on one of the two phosphorus nuclei ( Figure 6 ). The spin density distribution, estimated from the hyperfine coupling parameters, amounts to Chem. SOC. 1976, 98, 7119. 30, 1367. 1980, 98, 7119. The intensity of the ESR spectra of 2a, 2b, and 2c decreases slowly upon annealing and the signals are irreversibly lost above 240 K.
Quantum Chemical Calculations
In this section we present a quantum chemical description of symmetrical three-electron-bond radicals in racemic and meso diphosphine disulfide radical anions. Since a full calculation on the two diastereoisomeric forms of the title compound would be very time consuming the calculations were restricted to (R,R)and meso-1,2-dimethyIdiphosphine disulfide, thereby replacing the phenyl groups by hydrogen atoms. Unrestricted Hartree-Fock (UHF) calculations were performed in order to obtain a theoretical geometry at which the hyperfine coupling parameters could be evaluated. Throughout the calculations a split valence 4-31G basis set15J6 implemented with a single set of six second-order Gaussians on phosphorus and sulfur was used (radial exponents P 0.55, S 0.65).17 The U H F procedure was followed by removal of the largest spin contaminant with use of the annihilation operator.'* The molecular geometry of the two diastereoisomeric radical anions was constrained to the point symmetry of the precursor molecules: C, for R,R and Ci for meso. Except for the C H bond lengths and the H C P bond angles which were simultaneously evaluated by using two variables, all molecular parameters were fully optimized in an analytical gradient procedure. This resulted in true energy minima for both the R,R and meso forms (Figure  7) . Their structures are characterized by a relatively long P-P bond of 2.748 %, and a SPP bond angle of 142.2'. This elongation of the SPPS moiety is a direct result of the antibonding nature of the SOMO of these radicals. The isotropic and anisotropic (dipolar) hyperfine couplings were evaluated from the wave function by computing the expectation values of the corresponding operators. Chem. Phys. 1964, 41, 1773. 106, 3429. Table V it appears that the dipolar couplings of the two phosphorus nuclei are inclined by a small angle of 5 . 6 ' . This is a consequence of the C, symmetry of the R,R radical and indicates that the two phosphorus nuclei are not strictly magnetically equivalent for all orientations of a magnetic field.
Although the experiments do not reveal a symmetric threeelectron-bond structure for the mew form, the calculations predict a stable geometry for the meso-1,2-dimethyldiphosphine disulfide radical anion. The hyperfine properties of this radical are very similar to the R,R couplings. However, by symmetry constraint (C,) the principal directions of the dipolar couplings are now completely aligned and hence the phosphorus nuclei are magnetically equivalent.
Discussion
The present study reveals that there are major differences between the radicals generated in rac-and meso-1,2-dimethyl-1,2-diphenyldiphosphine disulfide. It is noteworthy that, besides a difference in the nature of the radical configurations, stronger ESR absorptions are found for the meso form than for the racemate, indicating a more efficient electron-capture process.
There is no doubt that some variations in the radical configurations between racemate and meso could be expected in advance, because in principle the two diastereoisomers are different compounds. However, their difference is small since it concerns merely the stereochemistry around the phosphorus nuclei. The formation of a specific radical product is usually explained by taking into account the different properties of the substituents such as electronegativity. These arguments cannot be used to account for the present observations. The fact that no symmetrical threeelectron-bond species are detected for the meso form can also not be explained by a possible wrong symmetry of the expected SOMO with respect to geometry of the parent molecule. In fact the Ci point symmetry fits excellently to a hypothetical symmetric antibonding orbital. This is confirmed by the quantum chemical calculations that predict stable geometries for both the racemic and meso form.
Apparently, the addition process of an extra electron to the diphosphine disulfides is able to discriminate between the several possible radical conigurations in a highly selective way. It is conceivable that the differentiation in the formation of the various electronic and geometric radical configurations is a consequence of the kinetics of the electron-capture process, rather than the result of (small) differences in total energy between the final radical products. In general electron-capture will lead to detectable electron-gain centers provided there is a relatively fast relaxation of the electron a c~e p t o r . '~ The relaxation may take the form of bond stretching or bending, or bond breaking, and it should lead to sufficiently deep traps to give detectable radical species. A possible explanation for the formation of a symmetric species in the racemate and asymmetric structures in the meso form can be obtained by assuming that the extra electron reacts with the parent molecules from a direction perpendicular to the plane of the phosphorus and sulfur nuclei. The electron will then first encounter one methyl and one phenyl group for the meso molecules and two methyl or two phenyl groups for the enantiomers R,R and S:S. Discrimination between a symmetric and an asymmetric radical product can then be rationalized by a difference in the rate of molecular relaxation (e.g., bond bending) in the solid state between the small methyl group and the large phenyl substituent.
For the meso form the electron adds preferentially to the side of the methyl group rather than to the side with the phenyl substituent, resulting in an asymmetric radical configuration. For the molecules of the racemate (R,R and SS), there is no difference between the relaxation rate of the two sides of the molecule and hence a symmetric electron-capture product is formed.
In the light of the present results further experimental and theoretical study on stereochemical selection in radical formation will be necessary.
